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ABSTRACT VDAC, a major protein of the mitochondrial outer membrane, forms voltage-dependent, anion-selective channels
permeable to most metabolites. Although multiple isoforms of VDAC have been found in different organisms, only one isoform
(porin/DVDAC) has been previously reported for Drosophila melanogaster. We have examined the physiological properties of
three other Drosophila proteins (CG17137, CG17139, and CG17140) whose primary sequences have signiﬁcant homology to
DVDAC. A comparison of their hydropathy proﬁles (b-pattern) with known VDAC sequences indicates the same fundamental
folding pattern but with major insertions and deletions. The ability of these proteins to form channels was tested on planar
membranes and liposomes. Channel activity was observed with varying degrees of similarity to VDAC. Two of these proteins
(CG17137 and CG17140) produced channels with anionic selectivity in the open state. Sometimes channels exhibited closure
and voltage gating, but for CG17140 this occurred at much higher voltages than is typical for VDAC. CG17139 was not able to
form channels. DVDAC and CG17137 were able to rescue the temperature-sensitive conditional-lethal phenotype of VDAC-
deﬁcient yeast, whereas CG17139 and CG17140 demonstrated no complementation. Similar structure and channel formation
indicate that VDAC-like proteins are part of the larger VDAC family but the modiﬁcations are indicative of specialized functions.
INTRODUCTION
VDAC, also known as mitochondrial porin, is a 30–32 kDa
channel-forming protein found in the mitochondrial outer
membrane of all eucaryotes (Colombini et al., 1996). It
forms an aqueous pore with a diameter of;3 nm in the open
state and 1.8 nm in the closed state. This closed state is still
conductive to small ions but effectively impermeant to
anionic metabolites (Rostovtseva and Colombini, 1996;
Rostovtseva et al., 2002). In the open state VDAC is per-
meable to nonelectrolytes up to 5000 Da. A model of the
secondary structure of VDAC, consisting of one a-helix and
13 b-strands, has been proposed based on a variety of
experiments (Song et al., 1998a). These 14 elements form
a barrel-like structure that spans the membrane. Other
theoretical models have been proposed with a larger number
of transmembrane strands (Mannella, 1996). Spectroscopic
studies have shown that transmembrane strands are tilted at
a 458 angle (Abrecht et al., 2000).
VDAC from disparate eukaryotic species, from different
kingdoms, share a form of VDAC with a highly conserved
fundamental structure and in vitro electrophysiological
properties. The length of the protein ranges between 274
and 295 amino acids. When studied in planar membranes,
the channels formed by VDAC demonstrate multiple con-
ductance states with different ionic selectivity: a single open
state with high conductance and anionic selectivity, and
multiple closed states with low conductance and cationic
selectivity. The motion of the voltage-sensitive domain is
responsible for channel gating (Song et al., 1998b). In the
open state the positively charged voltage sensor is located
in the transmembrane region. An increase in voltage causes
the movement of the sensor toward the membrane surface
resulting in an electrostatic barrier to anionic metabolites and
therefore closure of the channel. The numerical values of the
functional parameters such as single channel conductance,
selectivity, and voltage dependence are very similar for
VDAC from different species (Colombini, 1989).
VDAC plays a role in several fundamental cellular
processes. By forming the major pathway for metabolite
ﬂux across the mitochondrial outer membrane, VDAC is
involved in the regulation of metabolite ﬂow across
mitochondria and therefore inﬂuences mitochondrial func-
tion (Vander Heiden et al., 2000, 2001). VDAC may have an
important role in the initiation of apoptosis as indicated by its
regulation of Ca21-uptake (Rapizzi et al., 2002) and possible
participation in the formation of the permeability transition
pore complex (Halestrap et al., 2002). VDAC closure and
subsequent interference with ADP/ATP exchange (Vander
Heiden et al., 2001) seem to lead to the permeabilization of
the outer membrane to proteins resulting in the execution
phase of apoptosis. In addition, VDAC has been reported to
be a component of the peripheral benzodiazepine receptor
complex (McEnery et al., 1992) and may be involved in
binding hexokinase and glycerol kinase to mitochondria
(Adams et al., 1991). Such a wide variety of functions may
require the presence of specialized proteins in the form of
isoforms and VDAC-like proteins.
Multiple VDAC isoforms have been identiﬁed in num-
erous diverse species including yeast (Blachly-Dyson et al.,
1997), human/mouse (Sampson et al., 1996), and wheat
(Elkeles et al., 1995). The electrophysiological characteristics
of the prototypic VDAC from different species are highly
conserved, yet the biophysical properties of individual
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isoforms from the same species are often quite distinct (Xu
et al., 1999). Although the speciﬁc functions of individual
VDAC isoforms remain to be elucidated, studies with in vivo
model systems have given some insights. For example,
although VDAC has been implicated in the initiation of
apoptosis, one isoform, mammalian VDAC2, interacts with
pro-apoptotic BAK to inhibit apoptosis (Cheng et al., 2003).
Moreover, when overexpressed, yeast VDAC2 (POR2) was
shown to restore normal cell growth in the absence of yeast
VDAC1 (POR1) but did not form channels in reconstituted
systems (Blachly-Dyson et al., 1997). This implies that
a VDAC isoform can be involved in cell survival yet does
not necessarily require channel-forming activity. Mice de-
ﬁcient for VDAC isoforms exhibit distinct phenotypes.
VDAC1 deﬁcient mice demonstrate altered mitochondrial
permeability in skeletal muscle (Anﬂous et al., 2001),
whereas VDAC3 deﬁcient mice are infertile with structural
sperm axonemal defects, in addition to respiratory chain
abnormalities in muscle (Sampson et al., 2001). Finally,
VDAC1, VDAC3, and VDAC1/VDAC3 deﬁcient mice ex-
hibit isoform-speciﬁc defects in learning and synaptic plas-
ticity (Weeber et al., 2002).
The recent annotation of the Drosophila melanogaster
genome (The-FlyBase-Consortium, 2003) revealed three
putative VDAC isoforms whose genes are tightly clustered
in tandem with the original Drosophila VDAC (DVDAC or
porin) (Oliva et al., 2002). In this article, we describe our
studies to characterize the physiological properties of these
putative VDAC isoforms.
MATERIALS AND METHODS
Yeast strains and media
M3 (MATa lys2 his4 trp1 ade2 leu2 ura3) is the parental wild-type (with
respect to POR1) strain. M22-2 (Dpor1) contains a deletion of POR1 by
insertion of yeast LEU2 at the POR1 locus (Blachly-Dyson et al., 1990). The
yeast media YPD/SMM (2% dextrose as the carbon source/supplemented
with essential nutrients except uracil) and YPG/SMM (3% glycerol as the
carbon source/supplemented with essential nutrients except uracil) were
prepared as described (Kaiser et al., 1994).
Generation of yeast expression constructs
For Drosophila VDAC, oligonucleotide-directed mutagenesis was used to
generate a NcoI site at the start codon, and a NsiI site in the 39 UTR. This
allowed for the complete open reading frame of the DVDAC cDNA to
precisely replace the yeast VDAC1 gene previously subcloned into a single-
copy yeast shuttle vector as previously described (Sampson et al., 1997). For
CG17137, CG17139, and CG17140, oligonucleotide-directed mutagenesis
was used to generate a blunt restriction enzyme site (EheI for CG17137,
MlyI for CG17139, and PmeI for CG17140) at the ﬁrst codon downstream
of the start codon such that, when ligated to the NcoI-digested and blunted
single-copy yeast shuttle vector, the open reading frame of the yeast
VDAC1 is precisely replaced by the corresponding Drosophila cDNA. As
with DVDAC, either a NsiI (CG17137 and CG17139) or a Sse 8387I
(CG17140) (Sse 8387I generates ends compatible with NsiI) site was
generated in the 39 UTR to facilitate cloning. To generate the multiple-copy
yeast expression constructs for each Drosophila VDAC-like gene, the
expression cassette (including the yeast VDAC1 promoter, 59 and 39 UTRs)
was excised from the corresponding single-copy shuttle construct as
a BamH1/HindIII fragment and cloned into the 2-mm yeast shuttle vector
YEplac195 (Gietz and Sugino, 1988). The sequences of the oligonucleotides
are as follows: DVDAC59¼GGCAACCATGGCTCCTCCATCATACAG;
DVDAC39¼CCGCGATGCATTCACGACTAGCGGAAAACC;CG17137
59 ¼ GCGAAGGCGCCGCCAAACACCGACATA; CG17137 39 ¼
CCGCGATGCATCGTTAAGTGATTGGCAGT; CG17139 59 ¼ GCG-
AAGAGTCCCATGAGAGAACGGATA; CG17139 39 ¼ GCGACCTG-
CAGGCTACATATTGAAGTACCAT; CG17140 59 ¼ GCGAGTTTAAA-
CAACGGCTGCGCAACTT (note that this oligonucleotide also generates
a silent G!A mutation in the third position of the ﬁrst codon down-
stream of the start codon); CG17140 39 ¼ GCGAATGCATCAACA-
GTGAAAACCCCAGGAA. The cDNA templates utilized are as follows:
porin ¼ BDGP (Berkley Drosophila Genome Project) Clone ID
GM13853 (GenBank AI518978); CG17137 ¼ BDGP Clone ID AT15574
(GenBank BF500588), CG17139 ¼ BDGP Clone ID AT07302
(GenBank BF505131), and CG17140 ¼ AT08366 (GenBank BF506017)
(Rubin et al., 2000).
Yeast complementation analysis
Each expression construct was introduced into the Dpor1 Saccharomyces
cerevisiae strain M22-2 by lithium acetate transformation (Gietz et al.,
1992). As controls, wild-type (M3) and Dpor1 yeast were transformed by the
original single- or multiple-copy shuttle vectors. The yeast strains were then
grown in 5 ml YPD/SMM liquid cultures at 308C for 72 h. Each culture was
normalized to the M3 cultures based on OD600 nm and spotted onto 2 YPG/
SMM plates as six-serial ﬁvefold dilutions. The plates were incubated at
308C or 378C respectively for 6 days.
Preparation of yeast cells
To facilitate cell growth and harvesting, stock cultures were prepared. A
colony of yeast cells, containing one of the VDAC-like genes, was
inoculated into 50 ml medium consisting of 95 mg yeast nitrogen base (No.
0335-15-9, DIFCO LABORATORIES, Detroit, MI), 250 mg ammonium
sulfate, 1 g dextrose, and 38.5 mg CSM-URA (No. 4511-222, Complete
Supplement Mixture minus Uracil; Q-BIOgene, Carlsbad, CA). When the
cells reached an OD of between 0.6 and 0.8 (at 600 nm) they were stored at
48C for later use. For mitochondrial isolation, 9 ml yeast stock solution was
inoculated into each of two ﬂasks containing 1 L of the same medium and
grown with shaking at 308C. An OD between 0.7 and 0.8 was reached at 41 h
after inoculation. Typically, 5–8 g of cells was obtained. A total of 5 g of
cells was used for the isolation of mitochondria.
Isolation of VDAC-like proteins
Mitochondria were isolated from S. cerevisiae essentially as published by
Daum et al. (1982) but modiﬁed as previously described (Lee et al., 1998).
The ﬁnalmitochondrial suspensionwas hypotonically shocked in 1mMKCl,
1 mM HEPES, pH 7.5 to break the mitochondrial membranes and release
soluble proteins. The membranes were sedimented at 24,000 g for 20 min.
VDAC-like proteins were isolated from mitochondrial membranes and
puriﬁed according to standard methods (Mannella, 1982; Freitag et al.,
1983). The last step was a 1:1 hydroxyapatite/celite column that, at low ionic
strength, binds most proteins but allows VDAC to ﬂow through. This also is
a property of VDAC-like proteins.
Channel conductance measurements
Planar membranes were formed from monolayers made from a solution
containing 0.5% diphytanoylphosphatidylcholine, 0.5% asolectin-soybean
phospholipid (both were fromAvanti Polar Lipids, Alabaster, AL), and 0.1%
cholesterol (Sigma, St. Louis, MO) in hexane. The two monolayers formed
VDAC-Like Proteins from Drosophila 153
Biophysical Journal 86(1) 152–162
a bilayer membrane across a 70–90-mm diameter aperture in a 15-mm thick
Teﬂon partition that separated two chambers (modiﬁed Montal and Mueller
technique; Montal and Mueller, 1972). The total capacitance was 70–80 pF
and the ﬁlm capacitance was 30–35 pF. Aqueous solutions of 1.0 M or 0.10
MNaCl and 1 mMMgCl2 (in some experiments additional 1 mMCaCl2 was
present) were buffered by 5 mM HEPES at pH 7.0. All measurements were
made at room temperature.
Channel insertion(s) was achieved by adding 0.2–2.0 ml 1% Triton X100
solution of puriﬁed VDAC-like protein to the 2.5 ml aqueous phase in the cis
compartment while stirring.
The membrane potential was maintained using Ag/AgCl electrodes with
3.0 M KCl, 15% agarose bridges assembled within standard 200-ml pipette
tips (Bezrukov and Vodyanoy, 1993). Potential is deﬁned as positive when it
is greater at the side of protein addition (cis). The current was ampliﬁed by
an Axopatch 200B ampliﬁer (Axon Instruments, Foster City, CA) in the
voltage clamp mode.
Reversal potential measurements
The reversal or zero-current potential was measured to assess the selectivity
in single or multichannel membranes. A positive reversal potential on the
high salt side slows down the ﬂux of anions down their gradient and
increases the ﬂux of cations. If a positive potential brings the current to zero
then the channel must pass anions more readily than cations (i.e., has anionic
selectivity). A negative potential would indicate cation selectivity. We used
a 10-fold gradient of NaCl, 1.0 M cis and 0.10 M trans, plus Mg21 and
HEPES as above. An aliquot of solution containing VDAC-like protein was
added to the side with higher concentration. As the channels can exist in
different conformations each with different selectivity, triangular voltage
waves were applied and the reversal potential of each state obtained by
extrapolating the current record to zero current (see Fig. 6).
Liposome permeability measurements
The liposomes were made as follows (Colombini, 1980): 22.5 mg egg
phosphatidyl-choline (Sigma) and 2.0 mg egg phosphatidylserine (Avanti
Polar Lipids), both dissolved in chloroform, were mixed together and dried
down under N2. A quantity of 1 ml 1 mM KCl, 1 mM HEPES, pH 7.0
solution was added to the dry lipids and the material was sonicated (at
0–58C). A quantity of 1 ml mitochondrial membranes suspended in 1 mM
KCl, 1 mM HEPES, pH 7.0 containing 1.2 mg protein was mixed into the
lipid solution prepared above. The mixture was sonicated again and
lyophilized overnight. Liposomes were produced by dispersing the dry
material in 1 ml 20 mM KCl, 1 mM EDTA, pH 7.0.
A total of 50 ml of this liposome suspension were added to 0.8 ml 20 mM
KCl, 1 mM EDTA, pH 7.0, and the absorbance at 400 nm was monitored.
Nonelectrolytes of different molecular weight were dissolved in the same
solution and added to the liposomes when the liposomes had stabilized (no
change in absorbance with time). One might expect that upon shrinkage the
KCl concentration in the liposomes would increase resulting in extended
shrinkage as the KCl redistributes with time. In fact, in these liposomes K1
and Cl ﬂux is so fast that these redistribute almost as rapidly as water.
Indeed, if hypertonic KCl is used to attempt to shrink the liposomes, there is
almost no shrinkage.
SDS-page electrophoresis
To determine whether we have VDAC-like proteins in the ﬁnal fraction of
the puriﬁcation procedure, we used standard SDS-page electrophoresis
procedure (Laemmli, 1970). Equal aliquots of solutions containing VDAC
or VDAC-like proteins were mixed with concentrated sample buffer.
Samples were separated on a 12% acrylamide gel supplemented with 4 M
urea and the bands stained with GelCode Blue stain (Pierce, Rockford, IL).
RESULTS
In addition to VDAC, D. melanogaster expresses three
proteins whose primary sequences resemble that of VDAC,
the VDAC-like proteins. The question to be addressed is
how similar are these proteins to VDAC in terms of structure
and function.
DVDAC and CG17137 rescue the conditional lethal
phenotype of yeast cells deﬁcient for VDAC1
Our initial approach for analyzing the function of the VDAC-
like genes in D. melanogaster was to individually express
them in a yeast strain that is deﬁcient for the endogenous
VDAC1 gene (Dpor1). The Dpor1 strain is characterized by
a temperature-dependent growth-restrictive phenotype when
cultured on a nonfermentable carbon source such as glycerol:
cells are able to grow at 308C, but not 378C (Blachly-Dyson
et al., 1990). It has been previously demonstrated that
mammalian VDACs expressed in the Dpor1 background
rescue this conditional phenotype, allowing growth on
glycerol at 378C (Blachly-Dyson et al., 1993; Sampson
et al., 1997). Ryerse et al. previously reported that DVDAC
failed to complement Dpor1 yeast (Ryerse et al., 1997).
However, we observed that DVDAC does indeed comple-
ment POR1 function inDpor1 yeast when expressed from the
POR1 promoter on either a single-copy (CEN) or a multiple-
copy (2 mm) yeast shuttle vector (Fig. 1). Additionally, we
observed that CG17137 rescued the Dpor1 conditionally
growth-restrictive phenotype when expressed from the
single-copy vector. CG17139 and CG17140 both failed to
FIGURE 1 Complementation analysis of DVDAC and VDAC-like genes
in yeast. Wild-type (POR1), Dpor1, or Dpor1 yeast transformed with the
indicated expression constructs plated on 3% glycerol and grown at the
indicated temperatures are shown. In each panel, each row represents six
serial ﬁvefold dilutions of each strain as indicated.
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complement Dpor1 yeast whether expressed from single-
copy or multiple-copy vector (Fig. 1).
Sequence analysis indicates a VDAC-like
secondary structure
The alignment of the amino acid sequences for D.
melanogaster VDAC and CG17137 shows extensive se-
quence identity between these two polypeptides (Fig. 2).
CG17139 and CG17140, although far more similar to each
other (including the N-terminal extension) also exhibit
signiﬁcant sequence similarity with VDAC, especially near
the N- and C-termini. In agreement with Oliva et al. (2002),
pairwise alignment of these polypeptides reveal 42% identity
and 65% similarity with DVDAC for CG17137, 23%
identity and 42% similarity for CG17139, and 26% identity
and 44% similarity for CG17140. These values are much
lower than those previously reported for VDAC isoforms
from the same species (yeast, mouse, and wheat); however,
they are in the same range as the values obtained from
comparisons of VDAC sequences from diverse organisms.
For example, human and yeast VDAC have less than 30%
sequence identity (Blachly-Dyson and Forte, 2001). In fact,
pairwise alignment of these Drosophila polypeptides with
mouse VDAC1 reveal 58% identity and 75% similarity for
DVDAC, 34% identity and 56% similarity for CG17137,
24% identity and 39% similarity for CG17139, and 21%
identity and 38% similarity for CG17140. However, even
sequences with low primary sequence identity form channels
with very similar conductance and ion selectivity. This
means that, despite divergence in the primary sequence,
these proteins should have a very similar secondary
structure.
Our analysis of CG17137, CG17139, and CG17140 for
secondary structure homology with VDAC is based on
looking for patterns of alternating hydrophobic and hydro-
philic residues that are required to form transmembrane
b-strands lining the wall of a b-barrel channel. For this
purpose we generated the b-pattern proﬁle as described by
Blachly-Dyson et al. (1989). A b-pattern parameter (b) was
calculated for each group of 10 adjacent amino acids by
combining the hydropathy value (Kyte and Doolittle, 1982)
of each as follows:
b ¼




+
10
i¼1
ð1Þi11nðiÞ




; (1)
where n(i) is the hydropathy value of the ith amino acid. This
yields large numbers for a fragment that has alternating
polar-nonpolar pattern. The b-pattern parameters were
plotted against the number of the ﬁrst amino acid in the
group. Analysis of Drosophila peptide sequences reveals
peaks for the location of putative transmembrane strands
FIGURE 2 The amino acid sequence of the D. mela-
nogaster VDAC was aligned with VDAC-like sequences
CG17137, CG17139, and CG17140. Colored boxes show
matches between VDAC and any of the other sequences:
yellow for uncharged amino acids, red for negative
charged amino acids, and blue for positive charged amino
acids. For the case of N-terminus extensions of CG17139
(1–54 amino acids) and CG17140 (1–74 amino acids)
colored boxes indicate matches between the two sequen-
ces as well as all charged amino acid residues.
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(Fig. 3). These peaks correlate rather well with each other.
The overall correlation coefﬁcients are shown in Table 1.
These are all highly statistically signiﬁcant ([99%), but
clearly there is stronger similarity between DVDAC and
CG17137, and between CG17139 and CG17140. These
results indicate that all compared sequences might share
a similar secondary structure and a similar number of
putative transmembrane strands.
To test the possibility that the three VDAC-like sequences
are in fact channel-forming isoforms of D. melanogaster
VDAC, the gene products for CG17137, CG17139, and
CG17140 were puriﬁed from mitochondrial outer mem-
branes isolated from Dpor1 yeast expressing these genes and
utilized for electrophysiological studies in reconstituted
systems in vitro.
CG17137 forms typical VDAC channels
We examined the ability of CG17137 to increase the
conductance of planar phospholipid membranes formed
under standard conditions (see Materials and Methods).
The detergent-solubilized protein was added to the aqueous
phase on one side of the membrane and, after some time,
conductance increments were observed. Fig. 4 A shows the
insertion of a 0.31-nS conductance. This conductance
responded to the application of elevated voltages by closing
transitions reminiscent of VDAC. However, this was not
always the case. In fact, results obtained with this protein
were rather variable. CG17137 forms discrete conducting
events but we were not able to identify, with conﬁdence,
a conductance characteristic of a single channel. The data
suggest conducting pathways in the range of 0.5–8 nS in the
presence of 1.0 M NaCl and 0.13–0.46 nS at the presence of
0.10 M NaCl. Based on the known properties of VDAC, one
might propose that this range corresponds to a variety of
different conductance states of a channel. The voltage
dependent gating illustrated in Fig. 4 B and upon application
of a triangular voltage wave (Fig. 5) is reminiscent of
classical VDAC behavior. However, attempts at further
conﬁrmation by looking at selectivity changes associated
with gating revealed a complex pattern. We assessed the
selectivity by making measurements in the presence of a salt
concentration gradient and extrapolating linear segments to
determine the zero-current potential. As expected, conduc-
tance changes were associated with changes in the selectivity
TABLE 1 Correlation coefﬁcients of b-patterns
DVDAC CG17137 CG17139
CG17137 0.70
CG17139 0.39 0.34
CG17140 0.46 0.39 0.63
FIGURE 3 A comparison of the b-patterns (see text) of D. melanogaster
VDAC, CG17137, CG17139, and CG17140. The dotted lines show
similarity in location of the peaks. The gaps were generated based on the
results of the primary structure alignment.
FIGURE 4 Changes in ionic current
through a planar membrane in the
presence of CG17137. Both compart-
ments contained 0.10 M NaCl. (A)
Insertion of the channel. (B) Gating of
the channel at high voltages.
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of the channel(s) (Fig. 6 A). Negative voltages correspond to
a conductance with cationic selectivity and positive voltages
with anionic selectivity. A single VDAC channel demon-
strates anionic selectivity in the open state and cationic
selectivity in the lower conducting closed states. In the case
of conductance formed by CG17137 we observed that
sometimes the closure of the channel(s) did result in a change
toward a preference for cations but at other times the opposite
was true. This inconsistency might be explained by a mixture
of channel gating and channel insertion or disappearance but
variability in the observed conductances also made it difﬁcult
to distinguish between these possibilities.
CG17139 does not demonstrate channel formation
In experiments with planar membranes we were not able to
get an increase in membrane conductance after addition of
CG17139. Our observations were conducted under varied
conditions: different salt concentrations (0.1 M or 1 M), salts
of sodium or potassium, pH 6.0–8.0, presence of different
divalent ions (Ca21 or Mg21). In all cases we observed a lack
of channel formation.
CG17140 also forms channels
Fig. 7 A shows discrete increases in the conductance of planar
membranes after addition of detergent-solubilized CG17140.
The observed single channel conductance was 1.38 6 0.12
nS (mean6 SD) in 1.0 M NaCl. The channels gate (Fig. 7 B)
but only at very high applied voltages (110 mV and higher;
Fig. 7 B). Closure of a normal VDAC channel is observed at
30 mV and higher. Fig. 5 shows voltage-dependent closure at
both positive and negative voltages but closure is incomplete
in the voltage range tested. In the presence of a 10-fold salt
gradient, CG17140 demonstrated a conductance of 0.61 6
0.02 nS and a reversal potential of 1 22.6 6 2.4 mV,
corresponding to anionic selectivity. Closure of these
channels resulted in a switch to cationic selectivity with
varying values of the reversal potential (Fig. 6 B). This is in
agreement with typical VDAC behavior.
CG17137, CG17139, and CG17140 cause
differential permeabilization of liposomes
The use of planar membranes to assess the ability of the
VDAC-like proteins to form channels has the drawback that
FIGURE 5 Voltage dependence of the conductance of the channels
formed by CG17137 and CG 17140. The voltage was applied in the form of
triangular waves (3 mHz, 673 mV for CG17137 and 6120 mV for
CG17140). The membranes contained 2–4 channels.
FIGURE 6 Selectivity of the channel(s) formed by CG17137 (A) and
CG17140 (B) in the presence of a salt gradient. In the case with CG17140
both compartments also contained 1 mMCaCl2. The indicated voltage refers
to the cis side. The voltage was applied in the form of slow triangular waves
(3 mHz,673 mV). The dotted lines are extrapolations used to determine the
reversal potential of each selected conductance level. The numbers
associated with the zero-current intercepts show the value of the reversal
potential.
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one is selecting for proteins that insert into the membranes.
It is possible that a minor constituent might be responsible
for the observed activity. The use of liposomes allows one
to assess the ability of the population to permeabilize
membranes. It also eliminates the need for the protein to
insert into the membrane from an aqueous environment.
We incorporated CG17137, CG17139, and CG17140 into
liposomes and measured the permeability of the liposomes,
using hyperosmotic solutions of nonelectrolytes of different
sizes. Mixing of liposomes with these solutions induces
liposome shrinkage due to the fact that water moves out of the
liposomes faster than the solute can move in. In the case of
a permeable solute, reswelling follows the shrinkage of the
liposomes. The shrinkage-reswelling process was observed
by measuring changes in light scattering at 400 nm over time.
A decrease of the liposome size causes an increase in
apparent absorbance and a decrease of absorbance indicates
reswelling of the liposomes. The rate of reswelling reﬂects
the permeability of the liposome membrane. If the solute is
impermeable it will demonstrate a lack of reswelling. Using
this method we can also estimate the molecular weight cutoff
of the permeability pathway.
Fig. 8 shows the absorbance traces for liposomes
containing the VDAC-like proteins. The initial absorbance
is due to rapid shrinkage resulting from the hypertonic stress
of the indicated nonelectrolyte. This was followed by various
rates of absorbance reduction due to permeation of non-
electrolyte into the liposomes. In CG17137-containing
liposomes (top panel), reswelling occurred with all except
the highest molecular weight of nonelectrolyte (PEG 6800).
This molecular weight cutoff is the same as that reported for
VDAC (Colombini, 1980). For CG17140-containing lipo-
somes, the molecular weight cutoff was somewhat lower.
The results show no signiﬁcant reswelling in the presence of
g-cyclodextrin (1300 Da). The liposomes containing CG
17139 did not show signiﬁcant reswelling with PEG 1500
(the slight decline was not different from control). The
CG17139-containing liposomes did show permeability to
PEG 1000, but this was also observed when liposomes were
formed using mitochondrial membranes isolated from yeast
lacking VDAC1 (Fig. 8, panel E, in Xu et al., 1999). Thus
there is no detectable permeability increase by the presence of
CG17139.
DISCUSSION
The study of the physiological properties of VDAC-like
proteins in reconstituted systems (planar membranes and
liposomes) is a step in understanding their specialized
cellular functions. We used both theoretical and experimen-
tal methods for characterization of these proteins. Insights
gained from previous publications have allowed us to predict
and explain the behavior of the recently discovered VDAC-
like proteins. Their similar properties to those of classical
VDAC may indicate that some of these proteins are actually
VDAC isoforms.
The VDAC-like proteins from D. melanogaster were
tested for the major VDAC property, the ability to form
voltage-dependent channels with characteristic channel size
and ion selectivity. CG17137 and CG17140 clearly demon-
strate channel-forming activity in both planar phospholipid
membranes and in liposomes, CG17139 does not. The
voltage dependence and selectivity are also reminiscent of
classical VDAC behavior.
Insight into the physiological properties of these proteins
was obtained by determining their ability to rescue the
conditional lethal phenotype of yeast deﬁcient for VDAC1
(POR1). We demonstrated that DVDAC and CG17137 can
rescue VDAC-deﬁcient yeast, whereas CG17139 and
CG17140 cannot. It is unclear why Ryerse et al. could not
demonstrate complementation with DVDAC (Ryerse et al.,
1997). This complementation pattern roughly correlates to
FIGURE 7 Changes in ionic current
through a planar membrane in the
presence of CG17140. Both compart-
ments contained 1.0 M NaCl. (A)
Insertion of two channels. (B) Gating
of the channels at high voltage.
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the observed biophysical characteristics of these proteins,
with DVDAC demonstrating classical VDAC properties as
previously reported (De Pinto et al., 1989). We have
demonstrated that CG17137 also exhibits properties similar
to those of classical VDAC in planar membranes and lipo-
somes in terms of voltage gating and liposomal permeability.
On the other hand, channels formed by CG17140 demon-
strate conductance that is ;40% of DVDAC or other
classical VDACs and a smaller aqueous pore as indicated by
the impermeability to g-cyclodextrin (MW 1300), whereas
CG17139 fails to form channels in either planar membranes
or liposomes. The reduced size of the aqueous pore formed
by CG17140 may restrict the ﬂow of some critical metabolite
resulting in failure of cells to grow at 378C. In any case, of
the three VDAC-like proteins, only CG17137 has properties
similar enough to VDAC to functionally substitute for
VDAC and thus could be an isoform of Drosophila VDAC.
The high degree of similarity between the b-pattern of D.
melanogasterVDAC and CG17137 indicates that they might
share similar folding patterns. To view our results in the
context of predicted secondary structures, we generated the
folding patterns (Fig. 9) for all studied proteins by analogy
with Neurospora crassa VDAC (Song et al., 1998a). The
choice of candidate transmembrane b-strands was based on
the following criteria: 1), A candidate strand should have
a good alternating hydrophilic and hydrophobic pattern; 2),
Chain-distorting prolines should not be located in the middle
of the transmembrane strand but rather at the ends of the
strands; 3), There should be no adjacent charged amino acids
except at the ends; 4), The strand should have good sequence
homology to the corresponding transmembrane b-strand for
N. crassa VDAC.
When comparing the secondary structure of CG17137 to
the Drosophila VDAC folding pattern, the major difference
is a 10 amino acid insertion in the long loop region on the
cytosolic face of CG17137 (Fig. 9 A). This insertion adds
three negative charges to the long loop region, which is
already rich in charged residues. In fungi, this region between
position 184 and 228 is not involved in either voltage gating
or selectivity (Thomas et al., 1993; Blachly-Dyson et al.,
1994) and may serve as a binding site for a cytosolic factor.
Indeed, the major difference between human VDAC1
(HVDAC1) and human VDAC2 (HVDAC2) is a change
from KK to ED at position 199-200 on HVDAC1 and
perhaps this explains why HVDAC1 binds hexokinase and
HVDAC2 does not (Blachly-Dyson et al., 1993). This
change may be sufﬁcient to favor interaction with a speciﬁc
cytosolic factor. There are other differences between
FIGURE 8 The responses of liposomes containing one of the proteins
CG17137, CG17139, and CG17140 to osmotic pressure changes caused by
nonelectrolytes. The liposomes were made as described in Material and
Methods. The absorbance at 400 nm was recorded. When the liposomes had
stabilized (no signiﬁcant change in absorbance,;1 h after dilution) 67 ml 50
mM PEG6800, 67 ml 100 mM PEG3400, 67 ml 100 mM PEG1500, 220 ml
20 mM g-cyclodextrin, 67 ml 225 mM PEG1000, or 67 ml 278 mM
melezitose was added and quickly mixed at the point shown by the vertical
arrows. All tracings in each panel were performed on the same set of
liposomes so these can be readily compared. The tilted arrow indicates the
brief mixing of the sample during recording showing no signiﬁcant
sedimentation of the liposomes.
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CG17137 and Drosophila VDAC and some of these are
likely responsible for the differences in the properties of the
single channels that were observed. Additionally, the
variability of the observed channels formed by CG17137
may indicate the absence of a factor or factors that act to limit
the number of structural states. The limiting of variable
behavior by VDAC when interacting with controlling factors
has been observed on a number of occasions (for example,
Holden and Colombini, 1988).
The sequences of CG17139 and CG17140 differ from both
CG17137 and D. melanogaster VDAC in having long,
highly charged, N-terminus extensions (Fig. 9). The role of
this feature is unclear. The mouse VDAC2 isoform has such
an extension, albeit considerably shorter, but forms channels
with canonical VDAC properties. Perhaps, the highly
charged N-terminus extensions could serve as a binding site
for agents stimulating unknown activities of VDAC-like
proteins.
Protein CG17139 differs from the other VDAC-like
proteins in its inability to form channels either in planar
membranes or in liposomes. Lack of channel formation in
planar membranes could be attributed to inability to insert
from the aqueous phase. However, the liposomes were
formed from a protein-lipid mixture, and thus the protein
FIGURE 9 The folding patterns for
CG17137 (A), CG17139 (B), and
CG17140 (C). The long loop region
for CG17137 and the membrane re-
gions have been highlighted: green
circles, prolines; blue boxes, positively
charged amino acid residues; red
boxes, negatively charged amino acid
residues. IMS, intermembrane space.
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must have been present in the liposomal membrane. To test
the possibility that insufﬁcient protein was present SDS-
PAGE of the puriﬁed VDAC fractions from the expression
yeast strains was performed (Fig. 10). Clearly the yield of
CG17139 puriﬁed from the same amount of yeast cells was
even larger than that obtained for CG17137 or CG17140.
The folding pattern generated for CG17139 (Fig. 9 B) may
explain its inability to form channels. Colored squares
indicate the presence of consecutive charged residues in the
1st and 11th b-transmembrane strands, which conﬂicts with
the restrictions mentioned above and should inhibit forma-
tion of the channel. CG17140 does not have this feature
(Fig. 9 C), and its folding pattern is consistent with the fact
that channels were observed.
In conclusion, our results indicate that despite the low
degree of primary sequence identity with Drosophila
VDAC, VDAC-like proteins have retained aspects of VDAC
structure and function. The differential ability to complement
VDAC-deﬁcient yeast, and varied in vitro biophysical
properties suggest that the members of this gene family in
Drosophila play distinct physiological roles that need to be
elucidated with future in vivo studies.
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